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a  b  s  t  r  a  c  t
The  toxicity  of  chromium  ions  was  investigated  using  mammalian  cell  cultures  on  impedance  sensors
as  well  as  physiological  in  vitro  sensor  systems.  The  performance  of commercially  available  systems  like
the 2500  Analyzing  System  (Bionas),  xCELLigence  (Roche)  and Cytosensor  Microphysiometer  (Molecular
Devices)  was  compared  with  a novel  CMOS-based  impedance-to-frequency  converter  device.  Cell-based
sensor  systems  are  shown  to be  powerful  tools  to  detect  Cr(VI)  pollutions  within  several  hours  in  the
range  of  multinational  drinking  water  regulations.  The  ability  to distinguish  between  toxic  Cr(VI)  andeywords:
ell-based biosensor
hromium
mpedance
espiration
non-toxic  Cr(III) species  is  one  advantage  of  these  integral  sensor  systems.  Impedance  only  devices  are
not sufﬁcient  for  the  fast detection  of toxic  chromium  species  as rapid  cellular  changes  occur  only  in  the
respiration  system  and  the  cell  physiology.
© 2013 Elsevier B.V. All rights reserved.
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. Introduction
Chromium (Cr) is a metal of widespread use which is present in
he environment in two major stable oxidation states: Cr(III) and
r(VI). Cr(III) occurs naturally and is a nutritional supplement that
elps insulin to regulate the sugar levels in the human body. An
ntake of 50–200 mg  of Cr(III) per day is recommended for adults
1]. Cr(III) forms octahedral coordination compounds, complexes
nd chelates that usually cannot cross cell membranes and there-
ore the toxicity is considered to be relatively low [2]. On the
ther side highly water soluble Cr(VI) at and above physiological
H (>6), exists as a chromate oxyanion (CrO4)−2 and can readily
ross cell membranes through the sulphate anion transport sys-
em [3]. Cr(VI) compounds have been shown to be 1000-fold more
otent than Cr(III) compounds in inducing cytotoxicity and muta-
enesis in the same cell type [4,5]. Extensive use of chromium in
any industries such as electroplating, steel productions, pigment
anufacturing, wood preservation and leather tanning results in
∗ Corresponding author at: Siemens AG, Corporate Research & Technologies,
unich, 81379, Germany. Tel.: +49 89 636 43592.
E-mail address: ulrichbohrn@hotmail.com (U. Bohrn).
925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.02.105releasing chromium containing efﬂuents to the environment mak-
ing it a non-negligible threat to the ecological system. Different
studies indicate the integration of multiple pathways involved
in Cr(VI) toxicity but the exact mechanisms is still unclear. The
anionic transport system, along with intracellular reduction reac-
tions, allows chromium to accumulate in cells at concentrations
much higher than the extracellular levels [6]. Inside the cell, it
is reduced to reactive intermediates, such as Cr(V), Cr(IV) and
Cr(III) by reducing enzymes and cellular reductants [7,8]. Inside
the cell, Cr(III) reacts with cellular macromolecules like DNA and
intracellular reducers like GSH or cysteine [9]. During its reduc-
tion reactive oxygen species are produced which are thought to
be responsible for many of the toxic effects caused by Cr(VI). The
high toxicity has been recognized on the basis of epidemiological
evidence and therefore, European Commission has set the maxi-
mum  level of total chromium allowed in drinking water at 50 g/l
[10].
Standard analytical chemical methods are used for the detec-
tion of chromium in water samples, like ion chromatography [11]
or atomic-absorption spectrometry [12]. Beside these classical
methods, different biosensors for environmental application,
capable of detecting Cr(VI), have been developed too, like amper-
ometric enzyme-based sensors using cytochrome c3 [13] or
U. Bohrn et al. / Sensors and Actuators B 182 (2013) 58– 65 59
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eig. 1. (a) Atomic force microscopy (AFM) image of V79 hamster lung ﬁbroblast ce
79  cells form a conﬂuent monolayer. (b) Light microscopy image of living V79 cell
pectrophotometric enzyme inhibition assays [14], but also
ell-based sensors using bacteria [15].
Living cells are continuously integrating different sources of
hemical and physical signals originating from both internal and
xternal environments [16]. The use of cell-based sensors has
ncreased in the last few years [17]. Important areas of research
re the toxicity monitoring in aquatic environments [18,19] and
lso the monitoring of toxic gaseous compounds in the air, which
ame into the focus of cell-based sensor research [20]. One of the
ain reasons for the recent success is the development of cell-
ased sensor systems which can be used in ﬁeld applications [21]. In
his context, Electrical cell impedance spectroscopy [22] has been
emonstrated to be feasible to monitor various aquatic toxicants
ncluding heavy metals and industrial pollutants [23]. Cr(VI) detec-
ion using cell-based impedance sensors was already performed
efore, using the Real-Time Cell Electronic Sensor [24]. Generally,
eavy metals are the most insidious pollutants because of their
on-biodegradable nature and ability to persist for long periods
25]. The market for cell-based sensor systems is growing and led
o commercially available devices (Table S1) [26,27].
The aim of this study was to test and compare four cell-based
iosensors for the detection of Cr(VI) pollution. The following meth-
ds were used in this study for the detection of Cr(VI) and Cr(III) in
queous solutions: 2500 Analyzing System (Bionas), xCELLigence
Roche), Cytosensor Microphysiometer (Molecular Devices), CMOS
hip (complementary metal oxide semiconductor; in house). The
ensitivity of commercially devices as well as novel cell-based sen-
or systems was evaluated and compared to standard cell viability
ssays.
. Materials
.1. Chemicals and cell culture
K2Cr2O7, CrCl3 and Triton X-100 were purchased from
igma-Aldrich (Steinheim, Germany). The Chinese hamster lung
broblasts cells (V79) (DSMZ, Braunschweig, Germany) were cul-
ured at 37 ◦C and 5% CO2 in Dulbecco’s modiﬁed Eagle’s medium
DMEM) (Gibco, Darmstadt, Germany) which was  supplemented
ith 10% fetal bovine serum (FBS) (Biochrom, Berlin) and penicillin
00 Units/ml, and streptomycin (100 g/ml). This fast growing
ell line (doubling time: 9–12 h) forms conﬂuent cell mono-
ayers within short time (Fig. 1a). Cells were subcultured at 90%
onﬂuency, and cells within passage 5–20 were used in the
xperiments. the surface of an untreated glass slide (ﬁxed with 1.25% glutaraldehyde; 25 min).
 CMOS chip.
3. Methods
3.1. CMOS-Chip
A novel CMOS-based impedance chip was  used for this study
(Fig. 1b) [28]. The working principle is described elsewhere [29]. In
brief, the impedance is measured on 64 gold microelectrodes (area
3 × 10−5 cm2) by an integrated circuit on the chip. The measured
impedance values are encoded in the form of the frequency of the
digital output signal which is proportional to the impedance. The
sensor front-end electronics are integrated in close physical prox-
imity to the sensing site to keep the sensor interface to the external
world as simple and robust as possible.
V79 cells (1 × 106) in 2 ml  full growth DMEM (10% FBS) were
seeded on the sensor chip. During the measurement, the chip and
support printed circuit board were placed in a humidiﬁed incubator
(5% CO2, 37 ◦C) to maintain appropriate culture conditions. 20–21 h
after the cells were cultured on the sensor, cells were exposed to
50 M Cr(VI) solution in DMEM.  The addition of chromium has
no effect on the cell culture medium pH, which was  controlled
in the medium with the highest concentration (pH < 0.1). The
impedance was recorded every 60 s to monitor the response of the
cells to the Cr(VI) treatment.
3.2. Roche xCELLigence
The Roche xCELLigence SP device which has been used in this
study, is described in detail elsewhere [26]. The technology was
already used in previous studies for the investigation of heavy
metals including chromium [30]. In brief, it consists of an elec-
tronic sensor analyzer, a device station and a 96-well plate. The
gold electrode sensors on the bottom of the wells are designed
to cover about 80% of the bottom surface. The device station was
capable of electronically switching any one of the wells to the sen-
sor analyzer for impedance measurement. In operation, the device
station was  placed inside an incubator. Electrical cables connect the
device station to the sensor analyzer. Measurements on the wells
are continuously conducted. To represent cell status based on the
measured electrical impedance, the cell index (CI) is calculated by
CI = max
i=1,...,N
[
Rcell(fi)
Rb(fi)
− 1
]where N is the number of the frequency points at which the
impedance is measured [31]. At the beginning of an experiment,
when no cells are present on the electrodes or when the cells are
not well-attached onto the electrodes, Rcell(f) is the same as Rb(f)
6 d Actuators B 182 (2013) 58– 65
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Fig. 2. Cell viability of V79 cells (5000 and 10,000) assessed by MTT  assay after0 U. Bohrn et al. / Sensors an
background impedance of the medium), leading to CI = 0. If more
ells attach onto the electrodes, a larger impedance value will be
etected leading to a increased CI value. Thus, CI is a quantitative
easure of the number of cells attached to the sensors. For the
ame number of cells attached to the sensors, cell death or toxicity
nduced cell detachment or cells rounding up will lead to a smaller
I [30]. V79 cells are loaded into each well of the sensor devices
40,000/well) at the start of each experiment to allow attachment
n the sensor. The 96-well plate with cells was  then mounted
ack to the device stations placed inside a humidiﬁed incubator
37 ◦C; 5% CO2). After 21 h, the growth medium was  replaced by
hromium containing DMEM and the sensor plate was  incubated
gain for 22 h. The CI was monitored by the xCELLigence system
very 60 min. For this setting, full conﬂuency was not achieved at
he end of the experiments.
.3. Molecular devices cytosensor microphysiometer
The Cytosensor, based on the light-addressable potentiometric
ensor technology (LAPS), is one of the oldest commercial cell-
ased sensor systems [32,33]. Research groups worldwide have
ade attempts to improve the LAPS based sensors system technol-
gy [34–37]. The Cytosensor was used in the analysis of membrane
ound receptors [38] and non-receptor mediated events on cell
etabolism like the detection of heavy metals [39].
Cells are cultured on polycarbonate membranes and placed in
he sensor chamber in vicinity to the sensor chip surface which is
ble to detect changes in the pH. The cells are fed with medium
n a stop-go mode (20 s stop-phase – 100 s go-phase). The sensor
tself consists of a silicon chip coated with a thin insulating layer
f silicon oxynitride. During hydration, the insulating layer reacts
ith the aqueous solution resulting in silanol (Si–OH) and silamine
Si–NH2) groups which are affected by the pH of the solution. An
nfrared light from an LED at the backside of the chip produces
 photocurrent which depends on the sum of the applied and the
urface potential. As the photocurrent is kept constant by adjusting
he voltage, changes in the applied voltage indicate changes in the
H. Voltage changes over time can be plotted as ‘raw data’. Plotting
he negative slope of the ‘raw data’ against the time results in ‘raw
ates’. The basal acidiﬁcation rate is set to 100% and the cellular
esponse is given in percentage over basal acidiﬁcation.
.4. Bionas 2500 Analyzing System
Investigations of cytotoxic effects of various kinds of heavy
etals have been performed using a Bionas 2500 Sensor chip sys-
em [40]. The sensor chip enables continuous measurement of
xygen consumption using Clark-type electrodes, pH changes of
he medium by employing ion-sensitive ﬁeld effect transistors and
he impedance between two interdigitated electrode structures
41,42] to measure the impedance under and across the cell layer
n the chip surface. Before measurement, cells were seeded on the
ensor chip (SC 1000 Metabolic Chip) and incubated until conﬂu-
ncy was reached. Sensor chips with cells were then transferred
o the 2500 Analyzing System in which medium was exchanged
n 3 min  cycles (3 min  pump-go–3 min  pump-stop) during which
he parameters were measured. The running medium (RM) dur-
ng the analysis was weakly buffered (1 mM Hepes) DMEM with
educed FBS (1%). For toxicity testing, the following steps were
onducted: (a) 5 h equilibration with running medium with 3 min
ow/stop incubation intervals, (b) 36 h Cr incubation with sub-
tances freshly added in medium at indicated concentrations with
he same ﬂow/stop cycles, (c) removing of cells by addition of 0.2%
riton X-100 to obtain a basic signal without living cells on the
ensor surface as a negative control.exposure to different concentrations of Cr(VI) (0–50 M) for 12 h. The results were
reported as mean ± SD of three independent experiments.
3.5. Cell viability assay – MTT assay
Cell viability after exposure to different chromium concentra-
tions was assessed by measuring reduction of the tetrazolium dye
MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] by mitochondrial succinate dehydrogenase [43]. The MTT  cell
proliferation assay kit I (Roche Diagnostics, Mannheim, Germany)
was used following manufacturer’s instructions. V79 cells (5000
and 10,000) were seeded into each well of a 96-well plate (Greiner,
Frickenhausen, Germany) and incubated over night. After the
attachment, the medium was replaced with chromium solutions,
resulting in a volume of 90 l per well. Negative controls (DMEM)
and positive controls (1% Triton X-100) were also included in every
experiment. After 12 h incubation, 10 l of MTT  solution was added
to each well (ﬁnal concentration 0.5 mg/ml). Incubation was ter-
minated after 4 h by adding 100 l of solubilization solution to
each well. The plates were incubated until the formazan salts were
dissolved. Finally, the absorption was  measured at 595 nm (test
wavelength) and 640 nm (reference wavelength) using a FLUOstar
microplate reader (BMG Labtechnologies, Offenburg, Germany).
4. Results and discussion
4.1. Cell viability of V79 after 12 h Cr(VI) exposure
MTT  assay experiments have been performed with V79 cells.
Cells were exposed to Cr(VI) at concentrations from 0–50 M Cr(VI)
(Fig. 2). Low Cr(VI) concentrations of up to 5 M showed no adverse
effects compared with the control measurement. A cytotoxic reac-
tion is ﬁrst observed at 12.5 M Cr(VI). With increasing Cr(VI)
amounts, the cell viability decreases continuously. This effect is
more pronounced in experiments with the lower cell density of
5000 cells, which is in accordance to other groups presenting
reduced ﬁbroblast growth and cell division after exposure to Cr(VI)
in V79 cells [44]. At lower cell densities, the amount of cells is
not sufﬁcient to build a conﬂuent monolayer which acts slightly
as a diffusion barrier for Cr(VI), leading to a decreased individ-
ual cell surface exposed to the polluted medium. In addition, at
high cell densities, the cells have more surrounding space and tend
U. Bohrn et al. / Sensors and Actuators B 182 (2013) 58– 65 61
Fig. 3. Time-transient of the impedance measurements of V79 Chinese hamster lung cells exposed to different chromium species. (a) 50 M Cr(VI) solution monitored with
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ifferent concentrations of (d) non-toxic Cr(III) and (e) toxic Cr(VI) solutions monito
ure  medium was added (gray shadow).
o divide. However, this might corresponds to an elevated cellular
etabolism which increases the uptake of the Cr(VI).
.2. Impedance measurements of Cr treated cells
.2.1. Impedance measurements with CMOS-chip
The CMOS-chip records individual curves for each of the 64
ensor electrodes. Previous experiments [29] showed that not
nly the impedance value itself but also the amount of ﬂuctu-
tion in the signals from individual electrodes is an indicator
f the cells’ vitality and mobility. For an easier and more con-
istent interpretation of this parameter, it should be quantiﬁed
n a single number. A cell vitality index is therefore introduced,
hich is calculated as follows: The chip frequency data is seg-
ented into blocks of N data points (here N = 40, corresponding
o approximately 1 h of the experiment). Changes of the electrode
ignals indicate the presence of moving and therefore vital cells
hich causes variations in the coverage of the electrodes. Higheric Cr(III) and (c) toxic Cr(VI) solutions monitored with an xCELLigence SP device;
ith a 2500 Analyzing System. Prior to every measurement, an adaption phase with
variations are correlated to an increased micromotion of the cells.
Within each block, the sum of the relative standard deviations of
all electrodes is deﬁnes as the overall cell vitality index for this
block. The usefulness of this calculated number is demonstrated
by the results of the conducted chromium measurements. Fig. 3a
shows the output from the integrated impedance sensor as both the
average frequency of all electrodes (black line) and the cell vital-
ity index (red circles). In the beginning, the V79 cells on the chip
are allowed to grow for about 21 h. In this time, both the mean
output frequency of the circuit and the vitality index rise as the
cells spread out and attach to the chip surface, forming a conﬂu-
ent monolayer (Fig. 1b). The vitality index already stabilizes at a
value around 2 after 10 h, while the absolute frequency continues
to rise. The used medium was then exchanged for 2 ml of fresh
DMEM,  which causes a rise of the average frequency [28,29]. The
vitality index does not increase as much except one outlier which
is a numerical artifact caused by the sudden jump of the absolute
frequencies.
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Fig. 4. (a) Time-transient of normalized acidiﬁcation rate measurements of V79 Chi-
nese hamster lung cells incubated with different concentrations of non-toxic Cr(III)
and  toxic Cr(VI) solution for 5 h, monitored with a Cytosensor Microphysiometer.
Time-transient of normalized acidiﬁcation rate measurements of V79 Chinese ham-2 U. Bohrn et al. / Sensors an
After four more hours, the medium on the chip was  again
xchanged, and 2 ml  DMEM at a concentration of 50 M Cr(VI)
as added onto the chip. In response, the average frequency ﬁrst
ncreases, and then starts to fall. The cell vitality index immedi-
tely drops to values as low as at the beginning of the experiment,
ndicating a drastic reduction of the cells’ micromotion. In the
ollowing hours, the average frequency also falls drastically pre-
umably because the cells have become lethally damaged. After
0 h of exposure to Cr(VI), the medium was replaced with DMEM
ithout Cr(VI) again in order to ascertain whether the effect could
e reversed. The experiment was continued for additional 24 h
data not shown), but the signals remained stagnant after the end
f the experiment, which showed that the cells were rounded and
nly loosely resting on the chip surface.
These very ﬁrst results of this novel CMOS impedance sensor
emonstrate that evaluating both the absolute values and the vari-
bility (ﬂuctuations) of the measured impedance data helps to
btain a more complete picture of the health of the cultured cells.
.2.2. Impedance measurements with Roche xCELLigence
The impedance measurements, performed with the xCELLi-
ence system, show a clear distinction between Cr(III) and Cr(VI).
hile Cr(III) did not alter the impedance results, even at concentra-
ions of 100 M (Fig. 3b), Cr(VI) leads to a concentration dependent
ecrease of the impedance (Fig. 3c), displayed by the CI. Within the
rst 10 h, a steeper decrease of the CI values is observed compared
o the following minor decrease, which might indicate the change
n the cellular response toward the Cr(VI) exposure. Concentrations
own to 5 M Cr(VI) could be detected after 24 h of exposure. Com-
ared to former impedance studies performed with NIH-3T3 cells
nd a RT-CES system, the V79 cells are less sensitive within the
ame exposure time [30].
.2.3. Impedance measurement with Bionas 2500 Analyzing
ystem
The impedance measurements indicate the breakdown of the
ytoskeleton. Cr(III) did not affect the cellular impedance (Fig. 3d).
t Cr(VI) concentrations higher than 5 M,  a reduction of the
mpedance is observable (Fig. 3e). Within 5 h, the reduction is
arger than 10% of the control measurement. The impedance val-
es re-increase after 5–7 h for the concentrations of 25–50 M.
he increase lasts for approximately 2 h before the impedance falls
gain constantly. A biphasic decrease of the impedance, as shown
bove in Fig. 3d with the xCELLigence system, was  not observed,
lthough the sensitivity of these devices was comparable for the
hosen combination of cell culture and test substance. Detection
imit for Cr(VI) detection is 5 M,  as lower concentration of 1 and
.5 M Cr(VI) are within more than 90% of the control measurement
nd therefore hardly separable.
.3. Measurement of acidiﬁcation rates
.3.1. Cytosensor microphysiometer
Fig. 4a shows the acidiﬁcation of unaffected V79 cells which
ere incubated over the whole time with Hepes buffered running
edium (black curve, control). The linear increase is only altered
irectly after the medium change which might be due to differences
n the temperature. The non-toxic Cr(III) solution does not affect
he acidiﬁcation rate as the red curve (50 M Cr(III)) is more or
ess congruent with the control curve (Fig. 4a). In contrast, toxic
r(VI) solutions lead to a clear reduction of the acidiﬁcation rate
ver an extended time period of 5 h. In the ﬁrst 2 h of the Cr(VI)
ncubation an increase of the acidiﬁcation rate is observable which
ight be the result of an activation of the glycolysis to compensate
he loss in energy production of the inhibited respiratory pathways.
he decrease of the acidiﬁcation rates is concentration dependentster lung cells incubated with different concentrations of (b) non-toxic Cr(III) and (c)
toxic Cr(VI) solution for 5 h, monitored with a 2500 Analyzing System. Prior to every
measurement, an adaption phase with pure medium was added (gray shadow).
leading to the signal reduction down to 60% after 5 h of incubation
with 150 M Cr(VI) solution.4.3.2. Bionas 2500 Analyzing System
The extracellular acidiﬁcation rates reﬂect in a simpliﬁed man-
ner the metabolism of the cells, especially the glycolytic activity.
U. Bohrn et al. / Sensors and Actuators B 182 (2013) 58– 65 63
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tig. 5. Time-transient of normalized respiration rate measurements of V79 Chines
b)  toxic Cr(VI) solution for 5 h, monitored with a 2500 Analyzing System. Prior to e
r(III) is hardly inﬂuencing the cellular metabolism (Fig. 4b), which
s similar to the revealed results of the Cytosensor Microphys-
ometer in Fig. 4a. Cells exposed to Cr(VI) showed a decrease in
he acidiﬁcation rates, measured with the 2500 Analyzing Sys-
em, within the ﬁrst 6 h of treatment (Fig. 4c). Within the ﬁrst
 h of Cr(VI) exposure, chromium concentrations down to 5 M
ause an acidiﬁcation rate decrease of 20% or more compared to
he untreated control measurements. At the European Commission
rinking water regulation limit concentration of 0.5 M Cr(VI), the
cidiﬁcation signals need 16–20 h to decrease to 80% of the control
data not shown).
.4. Measurement of respiration rates – Bionas 2500 Analyzing
ystem
The respiration rate of the cells, measured with a Clark-type
lectrode, is derived from the oxygen consumption during the stop
hase. Cr(III) treatment did not inﬂuence the cellular oxygen uptake
s the respiration did not change, or only to a minor degree at high
oncentrations of 50 M respectively (Fig. 5a). In accordance to the
esults of the impedance and acidiﬁcation measurements, it can be
tated that the Cr(III) species is not detectable by the cell-based
ensor systems.
In contrast to Cr(III), the cytotoxic Cr(VI) is detected in a concen-
ration range between 0.5 and 25 M within a few hours (Fig. 5b).
he exposure to 5 and 25 M Cr(VI) leads to a sudden breakdown
f the cellular respiration, which reaches the absolute limit within
 h. Even lower concentrations of 0.5 and 2 M Cr(VI) reach a level
elow 20% of control after 6–9 h of exposure. The formation of
ntermediate metabolic products, which inﬂuences the cellular res-
iration chain, is most likely to be the reason for the reduced oxygen
onsumption rates. Respiration rates indicate the presence of Cr(VI)
n a concentration dependent manner, as the slope of the decrease is
tronger with increasing amounts. The lowest detection limits from
ll systems tested in this study were detected via the respiration
onitoring (Table 1).
Three impedance sensor systems were investigated within this
tudy. The CMOS chip was tested for the ﬁrst time with an envi-
onmentally relevant toxicant. The initial change of the medium
fter the cell settlement in the adhesion phase has unfortunately
 remarkable impact on the measured impedance values as the
requency rises for several kilohertz. However, combining the
requency measurements with the calculated Vitality Index, the
resence of 50 M Cr(VI) in the solution could be detected within
0 h. Further developments have to be done to increase the perfor-
ance of the sensor. In contrast, the xCELLigence system as well as
he 2500 Analyzing System are well developed devices, both withster lung cells incubated with different concentrations of (a) non-toxic Cr(III) and
easurement, an adaption phase with pure medium was added (gray shadow).
Cr(VI) detection limits of 5 M for 20 h exposure. Differences in
the signal intensity may  occur due to the different coverage of the
sensor chip with the interdigitated electrode structure. While the
xCELLigence system uses wells with a bottom surface covered to
80% with the electrode structure, the impedance electrode of the
Metabolic Chip SC 1000 covers only 12%. The possibility to detect an
impedance changing event, which is limited to a small space (e.g.
cell death of single cells), is increased with increasing surface cover-
age by the impedance electrode. For toxicants like Cr(VI), which are
supposed to cause homogeneous alterations of all cells on the sen-
sor chip, the inﬂuence of the electrode is of a minor extent. With the
xCELLigence system, experiments are performed in a batch system.
Every medium exchange has to be done manually in the 96-well
plate. The 2500 Analyzing System operates in a stop/go-modus via
a pumping system which reduces the laboratory work and enables
long time studies of effects on the cells. The xCELLigence system
is advantageous in the amount of assays which can be performed
in parallel (96 wells) compared to the 2500 Analyzing System (6
modules).
Both tested acidiﬁcation measurement systems (Cytosensor and
2500 Analyzing System) were able to detect changes in the acidiﬁ-
cation rate of V79 cells during the exposure to Cr(VI) and to resist
Cr(III). The Cytosensor has a detection limit after 3 h of about 50 M
Cr(VI) while the 2500 Analyzing System detected concentrations
of 5 M.  The increased sensitivity might be partially a result of the
fact, that ﬁve ISFET-electrodes are used to generate the acidiﬁca-
tion rate signal. Therefore, the system is more stable toward the
malfunction of a single electrode. In addition, the cells are placed
in direct contact with the ISFET electrode, while in the LAPS device,
the cells are grown on a membrane insert and have to acidify the
volume underneath.
The respiration rate monitoring of the 2500 Analyzing System
has the highest sensitivity as it is capable of detecting concentra-
tions of 0.5 M Cr(VI) in water and therefore fulﬁlls the detection
limits of the European drinking water regulation. The metabolic
intermediates, induced inside the cell by the reduction of Cr(VI)
inhibit the cellular respiration system immediately. An overview
of the achieved sensitivity results and detection limits of all
tested sensor types and devices is given in Table 1. In compari-
son to a standard cytotoxicity assay (MTT-assay), cell-based sensors
showed to be in the same range of sensitivity or even above.
However, the differentiation is based on the different toxic
effects and not on the ion species itself. Thus, cell-based sensors
as described within this study are only able to distinguish between
toxic or non-toxic properties but not between individual toxins.
This lack of molecular selectivity has to be kept in mind if the solu-
tion an analytical problem, requires the speciﬁc detection of one
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Table 1
Limit of detection of the investigated sensor devices.
Device Signal change >10% of control
after 6 h
Imp  pH O2
2500 Analyzing System (Bionas) 25 M 2 M 0.5 M
xCELLigence (Roche) 25 M – –
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[Cytosensor (Molecular Devices) – 50 M –
CMOS chip (Siemens) 50 M – –
ingle substance but not the overall toxicity (e.g. accumulation of a
ingle heavy metal ion species in environmental probes like ground
ater). In this case, classical chemical analytical methods like high
erformance liquid chromatography of spectroscopic methods are
ndeed still the method of choice.
Finally, one has to take into account, that even these high-proﬁle
ell-based sensor systems need relatively long assay times. Biolu-
inescence or other bioelectricity approaches demonstrated to be
ble to deliver a faster response toward toxic pollutants [45,46]
ompared to the above described sensor systems.
. Conclusion
Four mammalian cell-based sensor systems, including the 2500
nalyzing System, xCELLigence system, Cytosensor Microphys-
ometer and an in house CMOS impedance sensor, have been
valuated for their ability to detect toxic Cr(VI). All devices were
ble to detect the presence of Cr(VI) in concentrations of at least
0 M within 6 h of exposure. Monitoring the respiration rates,
r(VI) could be detected down to a level of international drinking
ater regulations. In addition, these devices were able to differen-
iate between the toxic Cr(VI) and the non-toxic Cr(III). The systems
ere compared by using the same cell line to avoid differences in
he sensitivity based on the type of cell line. The study demon-
trated that cell-based sensors are powerful tools in the detection
f pollutants and the monitoring of contaminations of aquatic sys-
ems.
ppendix A. Supplementary data
Supplementary data associated with this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.snb.2013.02.105.
eferences
[1] A. Demir, M.  Arisoy, Biological and chemical removal of Cr(VI) from waste
water: cost and beneﬁt analysis, Journal of Hazardous Materials 147 (2007)
275–280.
[2]  M.  Goldoni, A. Caglieri, D. Poli, M.V. Vettori, M.  Corradi, P. Apostoli, A. Mutti,
Determination of hexavalent chromium in exhaled breath condensate and
environmental air among chrome plating workers, Analytica Chimica Acta 562
(2006) 229–235.
[3] F.A. Quinteros, A.H.B. Poliandri, L.I. Machiavelli, J.P. Cabilla, B.H. Duvilanski,
In  vivo and in vitro effects of chromium VI on anterior pituitary hormone release
and cell viability, Toxicology and Applied Pharmacology 218 (2007) 79–87.
[4] K.A. Biedermann, J.R. Landolph, Role of valence state and solubility of chromium
compounds on induction of cytotoxicity, mutagenesis, and anchorage indepen-
dence in diploid human ﬁbroblasts, Cancer Research 50 (1990) 7835–7842.
[5]  D. Bagchi, S.J. Stohs, B.W. Downs, M.  Bagchi, H.G. Preuss, Cytotoxicity and oxida-
tive mechanisms of different forms of chromium, Toxicology 180 (2002) 5–22.
[6] Q. Zhang, T. Kluz, K. Salnikow, M.  Costa, Comparison of the cytotoxicity, cel-
lular uptake, and DNA–protein crosslinks induced by potassium chromate in
lymphoblast cell lines derived from three different individuals, Biological Trace
Element Research 86 (2002) 11–22.
[7] M.  Gunaratnam, M.H. Grant, The role of glutathione reductase in the cytotoxic-
ity of chromium (VI) in isolated rat hepatocytes, Chemico-Biological Interaction
134 (2001) 191–202.
[8] A. Zhitkovich, Importance of chromium-DNA adducts in mutagenicity and tox-
icity of chromium(VI), Chemical Research in Toxicology 18 (2005) 3–11.
[9]  A. Zhitkovich, V. Voitkun, M.  Costa, Formation of the amino acid–DNA
complexes by hexavalent and trivalent chromium in vitro: importance
[
[ators B 182 (2013) 58– 65
of trivalent chromium and the phosphate group, Biochemistry 35 (1996)
7275–7282.
10] Council Directive 98/83/EC of 3 November 1998 on the quality of water
intended for human consumption. Ofﬁcial Journal of the European Com-
munities 5.12.98, L330/32-L330/53, Available online:http://eur-lex.europa.
eu/LexUriServ/LexUriServ.do?uri=CONSLEG:1998L0083:20031120:EN:PDF
(accessed on 19.02.13).
11] M.J. Shaw, P.R. Haddard, The determination of trace metal pollutants in envi-
ronmental matrices using ion chromatography, Environment International 30
(2004) 403–431.
12] M.J. Marques, A. Salvador, A. Morales Rubio, M.  de la Guardia, Chromium specia-
tion in liquid matrices: a survey of the literature, Fresenius Journal of Analytical
Chemistry 367 (2000) 601–613.
13] C. Michel, A. Ouerd, F. Battaglia-Brunet, N. Guigues, J.P. Grasa, M.  Bruschi, I.
Ignatiadis, Cr(VI) quantiﬁcation using an amperometric enzyme-based sen-
sor: interference and physical and chemical factors controlling the biosensor
response in ground waters, Biosensors and Bioelectronics 22 (2006) 285–290.
14] D.C. Cowell, A.A. Dowman, T. Ashcroft, I. Caffoor, Biosensors and Bioelectronics
10  (1995) 509–516.
15] R. Zlatev, J.P. Magnin, P. Ozil, M.  Stoytcheva, Bacterial sensors based on
Acidithiobacillus ferrooxidans – Part II. Cr(VI) determination, Biosensors and
Bioelectronics 21 (2006) 1501–1506.
16] P. Wolf, F. Hartl, M.  Brischwein, B. Wolf, Determination of dynamic doxorubicin-
EC50 value in an automated high-content workstation for cellular assays,
Toxicology in Vitro 25 (2011) 1889–1894.
17] E. Eltzov, R.S. Marks, Whole-cell aquatic biosensors, Analytical and Bioanalyt-
ical Chemistry 400 (2011) 895–913.
18] T. Elad, R. Almog, S. Yagur-Kroll, K. Levkov, S. Melamed, Y. Shacham-Diamand,
S.  Belkin, Online monitoring of water toxicity by use of bioluminescent
reporter bacterial biochips, Environmental Science and Technology 45 (2011)
8536–8544.
19] R. Kubisch, U. Bohrn, M.  Fleischer, E. Stütz, Cell-based sensor system using L6
cells for broad band continuous pollutant monitoring in aquatic environments,
Sensors 12 (2012) 3370–3393.
20] U. Bohrn, E. Stütz, M. Fleischer, M.J. Schöning, P. Wagner, Eukaryotic cell lines
as  a sensitive layer for direct monitoring of carbon monoxide, Physica Status
Solidi (a) 208 (2011) 1345–1350.
21] L.M. Brennan, M.W.  Widder, L.E.J. Lee, W.H. van der Schalie, Long-term stor-
age and impedance-based water toxicity testing capabilities of ﬂuidic biochips
seeded with RTgill-W1 cells, Toxicology in Vitro 26 (2012) 736–745.
22] I. Giaever, C.R. Keese, A morphological biosensor for mammalian-cells, Nature
336 (1993) 591–592.
23] T.M. Curtis, J. Tabb, L. Romeo, S.J. Schwager, M.W.  Widder, W.H.  van der Schalie,
Improved cell sensitivity and longevity in a rapid impedance-based toxicity
sensor, Journal of Applied Toxicology 29 (2009) 374–380.
24] B. Huang, J.Z. Xing, Dynamic modelling and prediction of cytotoxicity on micro-
electronic cell sensor array, Canadian Journal of Chemical Engineering 84
(2006) 393–405.
25] A. Jang, Z. Zou, K.K. Lee, C.H. Ahn, P.L. Bishop, State-of-the-art lab chip sensors
for  environmental water monitoring, Measurement Science and Technolology
22  (2011) 032001.
26] B. Xi, N. Yu, X. Wang, X. Xu, Y. Abassi, The application of cell-based label-free
technology in drug discovery, Journal of Biotechnology 3 (2008) 484–495.
27] M.A. Cooper, Non-optical screening platforms: the next wave in label-free
screening? Drug Discovery Today 11 (2006) 1068–1074.
28] A. Mucha, M.  Schienle, D. Schmitt-Landsiedel, Sensing cellular adhesion with
a  CMOS integrated impedance-to-frequency converter, Advances in Radio Sci-
ence 9 (2011) 281–287.
29] A. Mucha, U. Bohrn, M.  Schienle, D. Schmitt-Landsiedel, A CMOS integrated
cell adhesion sensor for lab-on-a-chip applications, Proceedings of SPIE 8068
(2011), 80680U.
30] J.Z. Xing, L. Zhu, S. Gabos, X.J. Sun, X. Wang, X. Xu, Dynamic monitoring of
cytotoxicity on microelectronic sensors, Chemical Research in Toxicology 18
(2005) 154–161.
31] W.  Roa, X. Yang, L. Guo, B. Huang, S. Khatibisepehr, S. Gabos, J. Chen, J. Xing,
Real-time cell-impedance sensing assay as an alternative to clonogenic assay
in  evaluating cancer radiotherapy, Analytical and Bioanalytical Chemistry 400
(2011) 2003–2011.
32] D.G. Hafeman, J.W. Parce, H.M. McConnell, Light-addressable potentiometric
sensor for biochemical systems, Science 240 (1988) 1182–1185.
33] J.C. Owicki, L.J. Bousse, D.G. Hafeman, G.L. Kirk, J.D. Olson, H.G. Wada, J.W. Parce,
The light-addressable potentiometric sensor: principles and biological appli-
cations, Annual Review of Biophysics and Biomolecular Structure 23 (1994)
87–113.
34] A. Poghossian, S. Ingebrandt, A. Offenhäusser, M.J. Schöning, Field-effect devices
for  detecting cellular signals, Seminars in Cell and Developmental Biology 20
(2009) 41–48.
35] T. Wagner, R. Molina, T. Yoshinobu, J.P. Kloock, M.  Biselli, M.  Canzoneri, T.
Schnitzler, M.J. Schöning, Handheld multi-channel LAPS device as a transducer
platform for possible biological and chemical multi-sensor applications, Elec-
trochimica Acta 53 (2007) 305–311.36] T. Yoshinobu, H. Iwasaki, Y. Ui, K. Furuichi, Y. Ermolenko, Y. Mourzina, T. Wag-
ner, N. Näther, M.J. Schöning, The light-addressable potentiometric sensor for
multi-ion sensing and imaging, Methods 37 (2005) 94–102.
37] H. Yu, H. Cai, M.  Zhang, L.D. Xiao, Q.J. Liu, P. Wang, A novel design of multi-
functional integrated cell-based biosensors for simultaneously detecting cell
d Actu
[
[
[
[
[
[
[
[
[
B
U
o
s
B
s
i
e
w
r
A
T
t
I
w
C
d
e
a
t
i
T
c
m
B
w
c
N
f
b
aU. Bohrn et al. / Sensors an
acidiﬁcation and extracellular potential, Biosensors and Bioelectronics 24
(2009) 1462–1468.
38] F. Hafner, Cytosensor® microphysiometer: technology and recent applications,
Biosensors and Bioelectronics 15 (2000) 149–158.
39] Q. Liu, H. Cai, Y. Xu, L. Xiao, M.  Yang, P. Wang, Detection of heavy metal toxicity
using cardiac cell-based biosensor, Biosensors and Bioelectronics 22 (2007)
3224–3229.
40] L. Ceriotti, A. Kob, S. Drechsler, J. Ponti, E. Thedinga, P. Colpo, R. Ehret,
F.  Rossi, Online monitoring of BALB/3T3 metabolism and adhesion with
multiparametric chip-based system, Analytical Biochemistry 371 (2007)
92–104.
41] R. Ehret, W.  Baumann, M.  Brischwein, A. Schwinde, K. Stegbauer, B. Wolf, Mon-
itoring of cellular behaviour by impedance measurements on interdigitated
electrode structures, Biosensors and Bioelectronics 12 (1997) 29–41.
42] M.  Lehmann, W.  Baumann, M.  Brischwein, H.J. Gahle, I. Freund, R. Ehret,
S.  Drechsler, H. Palzer, M.  Kleintges, U. Sieben, B. Wolf, Simultaneous mea-
surement of cellular respiration and acidiﬁcation with a single CMOS ISFET,
Biosensors and Bioelectronics 16 (2001) 195–203.
43] T. Mosmann, Rapid colorimetric assay for cellular growth and survival: applica-
tion to proliferation and cytotoxicity assays, Journal of Immunological Methods
65  (1983) 55–63.
44] H.H. Popper, E. Grygar, E. Ingolic, Q. Wawschinek, Cytotoxicity of chromium-III
and chromium-VI compounds, Inhalation Toxicology 5 (1993) 345–369.
45]  P. Banerjee, A.K. Bhunia, Mammalian cell-based biosensors for pathogens and
toxins, Trends in Biotechnology 27 (2009) 179–188.
46] S. Kintzios, Cell-based sensors in clinical chemistry, Mini Reviews in Clinical
Chemistry 7 (2007) 10191026.
iographies
lrich Bohrn graduated in chemistry with a focus on biochemistry at the University
f  Vienna (Austria) in 2009. He accomplished his diploma thesis on optical biosen-
ors for low cost real-time monitoring of deteriorated meat at the Department of
iochemistry (Vienna/Austria). He is pursuing his PhD studies at the Chemical Sen-
ors Group of Siemens Corporate Research and Technologies (Munich/Germany)
n collaboration with Hasselt University (Belgium) and University of Applied Sci-
nces Aachen (Germany). His work includes research on cell-based sensor systems
ith applications in the ﬁelds of environmental, biomedical, and pharmaceutical
esearch.
ndreas Mucha received the Dipl. Ing. degree in Electrical Engineering from the
echnical University of Munich, Germany, in 2008. Since then, he has been working
oward his Ph.D. degree on the subject of CMOS integrated cell based biosensors.
n  2011, he joined Siemens Corporate Technology in Munich, Germany, where he is
orking on CMOS circuit design mainly for sensor applications.
arl Frederik Werner was born in Göttingen, Germany, in 1982. He received his
iploma in 2008 in micro system technology from the University of Applied Sci-
nces Kaiserslautern. He started his Ph.D. thesis in 2008 at the Institute of Nano-
nd  Biotechnologies (Aachen University of Applied Sciences) in collaboration with
he Philipps University Marburg. From October to December 2010 he was  work-
ng under a scholarship from the Marubun Research Promotion Foundation at the
ohoku University in Japan. His research subjects concern chemical and biologi-
al  sensors, especially the light-addressable potentiometric sensor together with
icroorganisms and sensor-signal processing.
arbara Trattner studied Molecular Biology at the University of Vienna
ith  a focus on Immunology, Neurobiology and Molecular Medicine. She is
urrently enrolled as a Ph.D. student in the Graduate School of Systemic
eurosciences at the Ludwig Maximilans Universität in Munich. Her research
ocuses on endocannabinoid signaling and morphological development of auditory
rainstem neurones, using both electrophysiological and immunohistochemical
pproaches.ators B 182 (2013) 58– 65 65
Matthias Bäcker was born in Dinslaken, Germany, in 1983. He received his diploma
degree in biomedical engineering from Aachen University of Applied Sciences in
2007. In 2007, he joined the Institute of Nano- and Biotechnologies and pursues a
Ph.D. in collaboration with the Institute for Materials Research at Hasselt University,
Belgium. His research is concerned with chip-based chemical sensors and biosensors
for  fermentation monitoring as well as hydrogel sensors.
Christoph Krumbe was born in Köln, Germany, in 1986. He received his bachelor
degree in biomedical engineering from Aachen University of Applied Sciences in
2010. He started his Master thesis in 2012 at the Institute of Nano- and Biotech-
nologies (Aachen University of Applied Sciences), concerning the light-addressable
potentiometric sensors together with microorganisms and immobilization of these
Meinrad Schienle joined the Research Laboratories of Siemens AG in 1984 working
on integrated optical components, circuit design for ﬂash memories and integrated
sensors. His current interests are on circuit design for all kind of biosensors.
Evamaria Stütz graduated in biology at the University of Tübingen with topics in
microbiology, immunology, and physiology in 1999. After achieving her Ph.D. 2003
in virology for the identiﬁcation of cellular markers during the progression of virus-
induced skin tumors to maligne skin cancer she obtained a PostDoc position at the
Institute of Toxicology at the Helmholtz Center Munich investigating the effect of
an anti-epileptic drug on the induction of apoptosis in speciﬁc cancer cells. 2006 she
started in the Chemical Sensors Research Group at Corporate Technology, Siemens,
and  covers the biological aspects of gas and chemical sensors. Her main focuses
there are the biological layers of cell based sensor systems in various applications
as  well as development of alternative methods in the biomedical ﬁeld.
Doris Schmitt-Landsiedel is head of the Institute of Technical Electronics at Tech-
nical University of Munich since 1996. Before, she worked at Siemens on design of
analog, digital, memory and circuits for digital hearing aids. She is senior member
of  IEEE and member of Acatech, the German Academy of Science and Engineering.
Her research is in design of reliable mixed signal CMOS circuits, circuits with novel
devices and nanomagnetic computing.
Maximilian Fleischer heads the Chemical Sensors Research Group of Siemens Cor-
porate Research and Technology. He received the doctoral degree in Physics from
the  Technical University in Munich in 1992, his habilitation in Physics in 1998 and
his  honorary professorate in 2009 from the Technical University of Budapest. His
work includes piezoelectric motors, new types of semiconducting metal oxides,
high-temperature electrochemical sensors, tunable laser diode spectroscopy for gas
sensing, NIR-spectroscopy for on-line analysis of condensed media, low-power work
function based gas sensors and living cell-based sensors.
Patrick Wagner obtained his Ph.D. in 1994 at Technical University Darmstadt
(Germany) in experimental solid state physics with a focus on cuprate superconduc-
tors. From 1995 until 2001, he was postdoctoral researcher in the Laboratory of Solid
State Physics and Magnetism at Catholic University Leuven (Belgium), where he
studied the magneto-transport properties of mixed-valency magnetic oxides. Since
2001, he is a professor of physics at Hasselt University (Belgium) and responsible
for  the development of label-free readout techniques for DNA-, protein-, and small-
molecule sensors. Patrick Wagner is recipient of a WE  Heraeus award, a Marie-Curie
Fellowship of the European Union, a Methusalem Grant of the Flemish Government
and is past president of the Belgian Physical Society.
Michael J. Schöning received his diploma degree in electrical engineering (1989)
and his Ph.D. in the ﬁeld of semiconductor-based microsensors for the detection of
ions in liquids (1993), both from the Karlsruhe University of Technology. In 1989, he
jointed the Institute of Radiochemistry at the Research Center Karlsruhe. Since 1993,
he has been with the Institute of Thin Films and Interfaces (now, Institute of Bio and
Nanosystems) at the Research Center Jülich, and since 1999 he was appointed as
full  Professor at Aachen University of Applied Sciences, Campus Jülich. Since 2006,
he  serves as a director of the Institute of Nano- and Biotechnologies (INB) at the
Aachen University of Applied Sciences. His main research subjects concern silicon-
based chemical and biological sensors, thin-ﬁlm technologies, solid-state physics,
microsystem and nano(bio-)technology.
